Objectives: Simulation is a pivotal tool within cardiac surgery to facilitate learner growth and skill acquisition. There are many methods of simulation and it is possible to develop and implement new curricula incorporating these modalities. The objective of this paper is to describe the feasibility of a high-fidelity cardiac transplant simulation curriculum for surgical residents. Methods: Our simulation setting was the Animal Resource Center at the University of Calgary. It was set up with 4 separate operating rooms, 2 for donor heart retrievals and 2 for heart implantations. This was done to allow 2 learners to participate with each animal, replicating the true intraoperative environment. Our teaching sessions were facilitated by 2 surgeons experienced in cardiac transplantation. In addition, we had support staff including multiple perfusionists, nurses, and anesthesia technologists. Results: The curriculum was evaluated from many perspectives in real time throughout the simulation as well as afterward in posttest qualitative interviews with all participants. The residents readily identified the acquisition of and increased proficiency in specifically targeted surgical skills. In addition, the residents were able to practice communication, collaboration, and management. Furthermore, the simulation session and our debriefings contributed significantly to fostering a team approach. Conclusions: The pig is an excellent preclinical model for acquiring and developing the skills necessary for human cardiac transplantation. The residents partaking in the curriculum were satisfied with the learning they received and saw value in the swine transplant curriculum. The overall curriculum was cost-effective, due to the low overall operating costs associated with it.
Introduction
Simulation is a pivotal tool within cardiac surgery to facilitate learner growth and skill acquisition. There are many methods of simulation and it is feasible to both develop and implement new curriculum incorporating these modalities. 1 Traditionally much of the emphasis within cardiac surgery simulation has focused on singular tasks, such as the proper creation of a coronary anastomosis or the steps to peripheral ECMO. [2] [3] [4] However, innovations in virtual reality, robotics, telesurgery, three-dimensional printing, and live animal models have created a teaching environment that can "strengthen the surgeon's skill set, decrease hospital costs, and improve patient outcomes." 5 Considering the general premise that trainees take more time to perform procedures lends credence to developing strong surgical skills programs to increase both operative skills and efficiency.
With work hour limitations and increasing scrutiny on patient outcomes, it has become necessary to become innovative with educational methods to increase resident knowledge and skills. 7, 8 In order to train competent and proficient surgeons, training programs must adapt to these external policy and culture changes. Specifically, within cardiac surgery, this involves increasing innovation with regard to teaching platforms and curricula. The goal of our project was to develop and run a high-fidelity realistic simulation curriculum to teach cardiac surgery residents, and let them practice directly, all of the steps involved in cardiopulmonary bypass and cardiac transplantation. Similar endeavors have been undertaken and reported in MedEdPORTAL in other surgical specialties. 9 The complete list of specific objectives for this curriculum differs based on the seniority of each trainee and samples can be found within Appendix A.
Methods

Setting and Targeted Learners
The curriculum was run at the University of Calgary's Advanced Technical Skills Simulation Lab and the Animal Resource Center. Our learners were Post Graduate Year (PGY1-6) residents in training in cardiac surgery at the University of Calgary. Our teaching sessions were facilitated by 2 cardiac surgeons experienced in cardiac transplantation. In addition we had support staff including multiple perfusionists, nurses, and anesthesia technologists. The Animal Resource Center was set up with 4 separate operating rooms, 2 for heart extractions and 2 for heart implantations. The setup for the extraction room was rather simple, with instruments for sternotomy, tissue dissection, and basic suturing being provided. The swine was laid supine on the anesthetic table prepared and draped, leaving the sternum and abdomen visible. We had ECG tracing and a pulse oximeter for tracing. The setup for the implantation room was quite a bit more complicated, as we required the necessary surgical instruments, sutures, cannula, and tubing for initiating cardiopulmonary bypass safely. We had full cardiopulmonary bypass perfusion setup and equipment in our implantation rooms. In addition, we also had much more extensive monitoring and access with our swine in terms of continuous arterial monitoring as well as large venous access for medications and fluid resuscitation.
Development
To accomplish the goal to develop and run a high-fidelity cardiac transplant curriculum, a committee was created, which included the University of Calgary's cardiac surgery program director, administrative assistant, and chief perfusionist. The final member of the committee was a senior representative from the Animal Resource Center. Their role was pivotal for a number of reasons, notably to familiarize everyone with surgery on swine and the ethical upholding of animal rights. The overall committee goals were to (1) provide Calgary cardiac surgery residents the unique and extremely valuable opportunity to learn heart transplantation and (2) contribute to educational scholarship through the development and dissemination of an innovative and unique surgical curriculum. Dissemination was thought to be a quite important step in our work as distribution of novel curricula is an integral part of medical/surgical educational scholarship. 10 The cardiac transplantation lab was designed to allow 2 learners per animal to participate. This was done to increase conceptual realism as it allows learners to assume the role of primary surgeon and first assistant in the operating theater.
To facilitate involvement of all residents in our program in some portion of the lab, we elected to utilize 2 donors and 2 recipients in 4 separate operating theaters. Learners were already familiar with using swine in a research setting due to a prereading as well as having a brief orientation at the beginning of the session by a practicing surgeon and Animal Resource Center staff.
11 The simulation scenario began by 2 residents (1 senior and 1 junior/intermediate) entering the donor suite with their supervising surgeon. The techniques of donor cardiectomy and recipient implantation are similar to those described previously in the literature. 12 After entering the operating theaters, the residents proceeded to perform a midline sternotomy and expose the donor heart. The heart was then examined to ensure that there were no obvious anomalies. Next, a dose of 400 mg/kg of heparin was injected intravenously to give an activated clotting time of greater than 400 seconds. A purse-string suture was then placed in the ascending aorta, through which an antegrade cardioplegia cannula was placed. The cannula was connected to our cardioplegia solution (standard Buckberg cardioplegia) and de-aired. The cross-clamp was attached and cardioplegia was delivered. Immediately the cardiectomy was initiated by incising the inferior vena cava and the left atrial appendage. As the heart was arresting, ice was placed topically to aid in myocardial protection. The inferior vena cava and superior vena cava were fully transected and the apex of the heart was elevated, allowing exposure to the pulmonary veins. These were transected, ensuring to leave a good cuff of left atrial tissue. The ascending aorta and main pulmonary artery were dissected last. Once the heart was fully excised, it was placed on a side table for inspection and preparation prior to being covered with iced saline in a large basin. This basin was transported across the hall to our secondary operating theater where the implantation began.
The teams then proceeded to enter the second operative room where the heart was exposed in a similar fashion. The swine was placed on cardiopulmonary bypass using a distal ascending aortic cannula and bicaval venous cannulae. Snares were applied across the vena cavae and the aorta was cross-clamped. The recipient's heart was then removed, ensuring to leave a plethora of aorta, pulmonary artery, vena cava, and atrium tissue behind to sew the donor heart into. Implantation then begins with a running end-to-end left atrial anastomosis using 4-0 polyprolene suture. A left ventricular vent was placed through the left atrial incision and snared in place. Next the inferior vena cava, superior vena cava, and pulmonary artery anastomosis were complete using 4-0 polyprolene sutures in end-to-end fashions. Finally the end-to-end aortic anastomosis was complete. Prior to securing the suture line, the heart was de-aired using various maneuvers. The inferior vena cava and superior vena cava snares were removed and the heart was allowed to fill with blood. The patient was placed in Trendelenburg position and lidocaine was delivered intravenously. At this point, the aortic cross-clamp was removed and de-airing continued via the left ventricular vent while the heart was reperfused.
Results
The curriculum was evaluated from many perspectives in real time throughout the simulation as well as afterward in posttest qualitative interviews with all participants. The residents readily identified the acquisition of and increased proficiency in the specific targeted surgical skills. These newly acquired, or further practiced, skills were felt to be directly transferable to the real operating room environment. In addition, the residents were also appreciative of the ability to practice various CanMEDS educational framework roles including those of communicator, collaborator, and manager. 13 The opportunities our learners had to develop and demonstrate leadership skills inside the operating room was a key component of their growth and development. This setting also afforded our senior residents the opportunity to practice their teaching and guidance skills with their junior colleagues in a safe, nurturing environment. Finally the participating residents universally thought this was a valuable learning experience and the skills and knowledge gained from participating in the curriculum were greater than they had anticipated prior to beginning.
In addition to the above, the simulation was also evaluated by the other members of the heart team. Perfusion and nursing felt that the simulation session went very well overall. Having small teams and an organized setup added to the learners' education significantly. Furthermore, the communication during the simulation between team members and our briefings/debriefings before and after the session contributed significantly to a feeling of a team approach.
The curriculum was also evaluated from a financial standpoint. As this curriculum involved a significant amount of resources, including live animals, it was expected to have a higher price tag than for typical benchtop simulation. In addition, there were certainly minor ancillary costs not quantified in our analysis. One of these is encompassed in the few instruments we bought, such as the sternal saw and retractor. The biggest financial costs associated with this curriculum were the cost of the operative suites and anesthesia tech time, which totaled $2,600 CAD. The next biggest expenses were the costs of the medications ($725 CAD) and the swine themselves ($560 CAD). The perfusion equipment along with perfusionist/nursing time was donated and therefore not included in our total expense but likely amounts to around $4,500 CAD ($900 CAD for nursing time, $1,800 CAD for perfusion time, $1,800 CAD for perfusion equipment). Totaled together, these all amount to $7,100 CAD in material and personnel costs for this simulation program.
Discussion
The porcine is an excellent research model for acquiring and further developing the skills necessary for human cardiac transplantation. We have been able to qualitatively show that the residents involved in this simulation curriculum successfully acquire and refine relevant technical skills during the laboratory/operative portion of this curriculum. These skills are felt by the learners to directly translate quite well into humans. In addition, the learners felt they were better equipped to lead and manage an operating room after the completion of this simulation curriculum. Through this curriculum, we were able to foster a higher level of teamwork within the operating room team.
Our novel approach to simulation teaching has allowed us to provide a high-fidelity hands-on training session for our cardiac surgery residents of all levels. A limitation to this resource, which may prevent ubiquitous adoption is the need for a local training wet lab. An additional limitation is that our simulation may not be reproducible at all centers, especially considering the need for a dedicated animal research facility with functional operating rooms. In future iterations of this work, we will provide our learners with pretests and posttests to evaluate knowledge gained and retained throughout this transplantation curriculum.
Appendix A:
Intraoperative photos (Figs 1 and 2 ) taken in the Animal Resource Center. 
